ABSTRACT: Fine-scale spatial sampling series and vertical cross-sections were used to obtain quasisynoptic images of the distribution of fish larvae and their prey in the permanent frontal region formed by the Gaspe coastal jet current and the adjacent Anticosti gyre (NW Gulf of St. Lawrence, Canada). The accumulation of large diatoms triggered the reproduction of copepods in the Gasp6 current where eggs and nauplii (the main prey of first-feeding fish larvae) were 10 to 20 times more abundant than in the gyre. Estuarine circulation resulted in the coincidence of the small and abundant larvae of capelin Mallotus villosus and sand lance Ammodytes sp. with this intense production of their food in the jet current. The large and less abundant larvae of redfish Sebastes sp. and Arctic shanny Stichaeuspunctatus exploited the scarcer food resources of the Anticosti gyre. We conclude that opportunistic species producing large numbers of small offspring with limited foraging skills depend on massive export production at hydrographic singularities (i.e. salient hydrographic features) for reproduction. Species producing fewer but larger and more competent larvae can colonize less productive areas of the ocean. Plankton dynamics in the dispersal area of the early larval stages appear to be a pnmary constraint defining the life strategy of a fish species.
INTRODUCTION
Recent syntheses suggest that there are 2 distinct plankton food webs in the oceans: the microbial web and the short or traditional food chain (Goldman 1988 , Cushing 1989 , Legendre & Le Fevre 1989 . In the microbial web, production by small phytoplankton cells (< 5 pm) is exploited by several trophic levels (e.g. bacteria, protozoa, appendicularians). Most of the primary production is respired within the euphotic zone and little energy is exported to large grazers (Caron et al. 1985) . In the short food chain, large phytoplankton cells (>5 pm) are exported from the euphotic zone by sedimentation or grazed by copepods.
' Contribution to the research programs of GIROQ (Groupe interuniversitaire de recherches oceanographiques du Quebec) and Institut Maurice Lamontagne (Department of Fisheries and Oceans Canada) At the scale of the global ocean, export production leading to the short food chain is a relatively infrequent event that takes place primarily at hydrographic singularities (Legendre & Le Fevre 1989) . Massive reproduction of herbivores, in particular copepods, will occur when export production persists or when large cells a r e prevented from sinking to the bottom by the hydrography. Hydrographic singularities supporting the short food chain and the reproduction of copepods include, for example, the vernal stratification of the water column in the North Atlantic (e.g. Parsons & Lalli 1988) , tidal fronts (e.g. Kiarboe e t al. 1988 , Chenoweth et al. 1989 , Fortier & Gagne 1990 ), a n d upwellings or fronts associated with coastal jet currents (e.g. Boyd & Smith 1983 , Hutchings et al. 1986 , Smith e t al. 1986 ) (see also K0rboe et al. 1990 and Kiarboe 1991 for reviews). Since copepod eggs and nauplii are the main prey of a majority of fish larvae at first feeding (Last 1980 , Turner 1984 , the spawning of dominant fish species is expected to b e associated with recurrent hydrographic singularities where the short food chain develops and copepods reproduce en masse. Cushing (1989) and Kiarboe (1991) suggested that the great fisheries of the world are rooted in such recurrent singularities.
In the Gaspe coastal jet current (see Fig. l ) , the thermohaline stratification of nutrient-rich waters from the St. Lawrence estuary favors the proliferation of large diatoms (Sevigny et al. 1979, Levasseur et al. in press) . Several authors have suggested that the spawning and dispersion strategies of forage fishes such as capelin Mallotus villosus and sand lance Arnrnodytes sp. exploit the high productivity of Gaspe current surface waters (Parent & Brunel 1976 , Jacquaz et al. 1977 , de Lafontaine et al. 1984 , Fortier et al. 1987 . In this study, we describe the distribution of phytoplankton, copepod eggs and nauplii, and fish larvae across the frontal region between the Gaspe current and the Anticosti gyre. In particular, we address the hypothesis that the spawning strategies of marine fish seek to disperse first-feeding larvae in hydrographic areas where the production of large diatoms (export production) is high and the short food chain develops.
MATERIALS AND METHODS
Study area. The Gaspe current (NW Gulf of St. Lawrence) is a quasi-permanent buoyancy-driven coastal jet resulting from the seaward advection of the diluted waters of the St. Lawrence estuary along the Gaspe peninsula (El-Sabh 1976 , Tang 1980a (Fig. la) . In cross-section, the current forms a 30 m thick, wedge-shaped layer separated by a strong halocline from an intermediate cold layer (< 0 "C) that forms during winter cooling (Forrester 1964) . Horizontally, the current extends from the south shore to about 15 km offshore. The northeastward flow of the current (up to 110 cm S -' in spring; Benoit et al. 1985) is reinforced by the cyclonic Anticosti gyre in the central basin (Tang 1980a) (Fig. lb) . Cross-frontal mixing and upwelling along the strong density front separating the Gaspe current from the Anticosti gyre have been described by Tang (1983) and Levasseur et al. (in press) .
Oscillations of the inshore-offshore position of the current due to instabilities of the geostrophic flow have been observed during the summer (Tang 1980b) . These events last for about 10 d and may occur once or twice during the summer. Apart from these disruptions of the current pattern, the structure and position of the coastal jet are stable (Tang 1980b ) and cross-sections taken on a given day will be representative of the conditions prevailing over several days.
Sampling. Quasi-synoptic images of the cross-frontal distribution of phytoplankton, fish larvae and their
[*LUIS
MONT-LOUIS microzooplankton prey were obtained in the spring and early summer of 1985 and 1986. Zooplankton collections were made at close spatial intervals along offshore-inshore transects as the ship steamed at low speed across the frontal region. Chlorophyll a (chl a), fluorescence, temperature and salinity were monitored simultaneously.
Fish larvae and zooplankton were sampled with a 330 pm (in 1985) or 250 pm (in 1986) mesh net, mounted on a 1 m2 metal frame. The net was fitted with external and internal flowmeters and a 3 l rigid codend with 80 pm mesh apertures. A built-in depressor enabled us to cast the sampler in a rapid double-oblique tow to a depth of 25 m. The tow lasted 80 s on average (SD = 7.1 S, n = 521 tows) whde the ship steamed at an average speed of 1.67 m S-' (3.1 knots) (SD = 0.11 m S-', n = 4262 measurements). Upon retrieval, the net was thoroughly rinsed and the codend replaced in less than 150 S. Casts were repeated at intervals of 240 S (4 min). The crossfrontal transects therefore consisted in a series of tows, each covering an average distance of 134 m (1.67 m S-' X 80 S) and separated from the next one by an unsampled interval of 267 m (1.67 m S -' X 160 S ) , for an overall distance of 401 m (SD = 14.6 m) between the starting points of consecutive tows.
During the sampling transects, water temperature, salinity, as well as ship speed and direction relative to the water were recorded at 30 S intervals with Aanderaa RCM-5 instruments suspended from the side at depths of 1, 5, and 10 m. Water was pumped from 3 m for the continuous monitoring of chl a fluorescence with a Turner design flow-through fluorometer. To calibrate the fluorescence signal, the concentration of chl a was determined (Yentsch & Menzel 1963) in water samples collected at 15 min intervals at the output of the fluorometer. The fluorescence signal (F) was transformed into chl a units (mg m-3) using the calibration relationship Chl a = (F -0.3562)/0.1212 (n = 98, r2 = 0.855, p < 0.001). Subsamples were preserved in Lug01 for later enumeration and identification of phytoplankton cells using the Utermohl technique.
On 3 and 4 June 1985, a first cross-frontal transect of 360 zooplankton samples was obtained over a period of 24 h. Starting some 30 km offshore in the Anticosti gyre, the ship first travelled westward parallel to the front for 8 h, then south across the frontal region for the next 8 h and then westward again for the next 8 h, against the eastward Gaspe current (Fig. l b ) . To assess the cross-frontal vertical distribution and composition of the phytoplankton, 3 stations located in the Caspe current, the front, and the Anticosti gyre respectively were occupied 48 h after the transect. Water samples were collected from different depths by raising the intake hose of a submersible pump from 40 m to the surface in steps of 2 m, pausing for 2 min at each interval to ensure that the water originated from the correct depth. Chl a concentration at each depth and the taxonomic composition of the phytoplankton at selected depths were determined using the methods described above.
In 1986, a second (3 June) and a third (12 July) sampling transect comprising 76 and 85 zooplankton samples respectively were obtained along north-south transects off Mont-Louis with the sampler described above (Fig. l b ) . Again, water temperature, salinity, and ship speed and direction (Aanderaa RCM-5 at 1, 5, and 10 m) as well as chl a fluorescence at 3 m were recorded. In addition to these measurements, a highresolution cross-section of temperature and salinity was obtained during the first transect (3 June) by towing a vertically oscillating CTD probe between 1 and 90 m (Endeco V-FIN system model 1074).
The sampling approach used along the cross-frontal transects allowed for a good spatial resolution of zooplankton density in the 0 to 25 m depth layer, but provided no information on the vertical distribution of the organisms and their abundance at depths > 25 m. On 10 July 1986, a different sampler was used to assess the vertical distribution of fish larvae and their prey in the 0 to 90 m depth range across the frontal region. A 1 m2 multiple net sampler (Eastern Marine Services E-ZNet system) was deployed at 12 stations along the north-south transect off Mont-Louis. The sampler was fitted with 250 pm mesh nets, 80 pm mesh rigid codends, General Oceanic flowmeters, and an Applied Microsystems CTD probe. At each station, 9 depth layers of approximately 10 m each were sampled from 90 m to the surface, except at the station nearest to shore where nine 5 m depth intervals were sampled from 45 m to the surface because of reduced depth.
Sample analysis. Plankton samples were preserved in 4 % neutral formalin. All fish larvae were sorted and identified. In each sample, all or up to a maximum of 50 larvae of the dominant species were measured to the nearest 0.1 mm. The prey of the dominant species were determined by analyzing the gut contents of a subset of the larvae collected in 1985.
Estimates of the relative abundance of larval fish prey were based on the enumeration of the microzooplankton organisms retained by the 80 pm mesh of the rigid codend. Numbers were tentatively transformed into densities (no. m-3) by assuming that the volume of water filtered on the 80 pm mesh was equal to the product of the codend aperture (0.008 m2) and the length of the tow. These estvnates of relative abundance allow for comparisons between samples. Absolute values of density should be considered with caution, however, because of the uncertainty in the estimation of the actual volume of water filtered. The enumeration of the micro- zooplankton prey of fish larvae and the detailed identification of copepods were limited to a subset of samples: every 10th sample of the 360 samples series collected in 1985 (37 samples) and the 0 to 10 m samples of the vertical cross-section carried out in 1986 (12 samples) were analyzed. Particle abundance in the equivalent spherical diameter (ESD) intervals 80-102, 102-128, 128-160, 160-203, 203-256, 256-320, 320-408, 408-512 , and 512-850 ym was determined for all samples with a Coulter TA-I1 counter.
RESULTS

Hydrography
The typical hydrography of the frontal region between the Gaspe current and the Anticosti gyre is illustrated by the high-resolution cross-section of temperature, salinity, and density obtained in early June 1986 (Fig. 2 ). The Gaspe current formed a half-lens of diluted estuarine water flowing over the more saline oceanic waters of the gyre. In the current, thermohaline stratification was strong from the surface to about 50 m. Cross-frontal distribution of phytoplankton and copepods
Phytoplankton composition and distribution were closely linked to the hydrography of the frontal region. In early June 1985, dinoflagellates and rnicro-flagellates were distributed rather uniformly over the frontal area (Table 1) . Large diatoms, however, were 4 to 6 Table 1 . Phytoplankton average density (lo3 cells I-') and generic composition at 3 stations in the different hydrographic zones of the frontal region in June 1985. Densities are the average of estimates at 7 depths from the surface to beneath the chl a maximum (Gaspe current: 0 to 12 m; front: 0 to 22 m; Anticosti gyre: 0 to 34 m) (Table 1) . Vertically, the high phytoplankton biomass found in the Gaspe current was distributed in the 0 to 10 m layer above the pycnocline (Fig. 3a) . Phytoplankton biomass was concentrated at the pycnocline (8 to 10 m) in the front (Fig. 3b ) and between 20 and 27 m in the Anticosti gyre (Fig. 3c ). Horizontally, salinity at 5 m proved a more useful descriptor of the frontal structure than the less conservative parameter temperature (Fig. 4) . In early June 1985, the sampling transect started in the Anticosti gyre (salinity > 29.5) then cut across the salinity front to reach the diluted waters of the Gaspe current (salinity <2?) and finally back to the front (Fig. 4b ). Surface (3 m) concentration of chl a was high (15 to 35 mg m-3) in the Gaspe current, negatively correlated to salinity in the front, and low (~0 . 5 mg m-3) in the Anticosti gyre where phytoplankton biomass was distributed deeper than 3 m (Fig. 4c) .
SALINITY (o/oo)
The cross-frontal distribution of copepod immature stages in the 0 to 25 m depth layer paralleled the distribution of near-surface chlorophyll (Fig. 4) . The den- 
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sity of copepod eggs and nauplii was low in the gyre, increased in the front and reached maximum values in the Gaspe current (Fig. 4d, e) . Copepodites and adults of the main copepod species were abundant in night samples which were taken in the Gaspe current but not in daytime samples taken in the gyre (Fig. 4f to i) . The density of all 5 copepod species in the surface layer (0 to 25 m) peaked soon after sunset and again 1 or 2 h before dawn.
Ichthyoplankton composition, length distribution, and feeding
The ichthyoplankton assemblage was dominated by the larvae of sand lance and capelin, 2 coastal or estuarine spawners that produce demersal adherent eggs (Table 2) . Sand lance prevailed in early June 1985 and capelin in early June and July 1986. The 2 species were captured primarily in the Gasp6 current. Larvae of the ovoviviparous redfish Sebastes sp. were always present in considerable numbers. In early June 1985, Arctic shanny Stichaeus punctatus was sufficiently abundant to justify analyzing its distribution. The latter 2 species tended to be more abundant in the Anticosti gyre than the current (Table 2) . Sand lance were represented by a mixture of yolksac larvae and post-yolk-sac larvae in early June 1985 and primarily by post-yolk-sac larvae in early June and July 1986 (Fig. 5a to c) . Only a small fraction of the capelin were yolk-sac larvae ( Fig. 5d to f) . Post-yolksac larvae of capelin in the range 13 to 25 mm formed a distinct cohort in early June 1985 and July 1986. Large pre-metamorphosis capelin were captured in early June of both years (1985: average length = 43.4 mm, n = 25; 1986: average length = 36.9 mm, n = 30; not shown on Fig. 5 ). The length-frequency distribution of redfish larvae always presented a single mode (Fig. 5g to i) . Redfish larvae are extruded from the female at a length of about 6 mm with pigmented eyes and a well-developed mouth (Fahay 1983) , after the yolk has been absorbed (Leim & Scott 1966, p. 340) . Based on their small length and the presence of yolksac remnants in some of them, the larvae captured in June 1985 and 1986 (modal length of 7.5 and 6.5 mm respectively) were recently spawned (Fig. 5g, h ). The Arctic shanny formed a single cohort of post-yolk-sac larvae (Fig. 5j) . This species is relatively large at hatching (9 to 12 mm; Drolet et al. 1991 ) and the 13 to 14 mm larvae captured in June 1985 had probably only recently lost their yolk reserves.
The larvae of capelin, sand lance, redfish and Arctic shanny preyed primarily on copepod eggs and nauplii (Table 3 ). The prey field shifted from copepod eggs to nauplii as mouthgap increased with increasing length, except in the large Arctic shanny, which preyed primarily on nauplii. Redfish larvae specialized on the large eggs (ca 140 pm) of Calanus sp. The diet of postyolk-sac larvae of capelin and Arctic shanny included copepodites and small adult copepods. In June 1985, the Anticosti gyre was sampled during the day while the Gaspe current and the front were sampled at night (Fig. 4) . For a given length class, sand lance larvae tended to feed less at night in the Gaspe current than in daytime in the gyre (Table 3) . This more likely reflected a decrease in foraging activity in the dark than a difference in food availability between the 2 hydrographic regions. Feeding incidence was always high in redfish and Arctic shanny, and differed little between the Gasp6 current (night) and the Anticosti gyre (day), indicating that foraging efficiency was comparable between the 2 hydrographic regions ( Table 3 ). Very few capelin larvae were captured in the gyre in June 1985 (see following section) and feeding incidence could not be compared between night and day or between the 2 hydrographic regions (Table 3) .
Notwithstanding variations related to length, daynight effects or region of capture, redfish and Arctic shanny appeared more efficient predators than capelin and sand lance: feeding incidence and the average number of prey in the gut remained low in first-feeding (< 10 mm) capelin and sand lance, but were invariably high in redfish and Arctic shanny of all sizes (Table 3) . On average, redfish larvae captured larger prey than capelin or sand lance larvae of comparable length. The gut of virtually all Arctic shanny contained remarkably high numbers of large prey. Table 3 . Percent composition of diet by species and length classes (mm), and feeding statistics in daytime (D) and at night (N), for larvae captured on 3 to 5 June 1985. The percentage of larvae feeding, the average number of prey in non-empty gut, the number of larvae analyzed, the average width of the prey and the percentage of larvae ~t h yolk-sac are given. Note that no capelin larvae were captured In daytime
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Copepod 
Cross-frontal distribution of fish larvae and their Prey
Particles in the size range 203 to 512 pm ESD comprised some nauplii, but mostly copepodites and small copepods, and hence reflected the availability of potential prey to fish post-yolk-sac larvae which feed on increasingly large developmental stages of copepods. In early June 1985, the density of particles 203 to 512 pm ESD in the 0 to 25 m depth layer was 1 order of magnitude greater in the Gaspe current than in the Anticosti gyre (Fig. 6b) and its cross-frontal distribution followed that of copepod eggs and nauplii (Fig. 4) . Particle density decreased rapidly across the salinity front itself (Fig. 6b) .
In early June 1985, sand lance and capelin larvae were abundant in the Gaspe current (Fig. 6c, d ). Few sand lance and almost no capelin were captured in the more saline waters (> 29.5) of the Anticosti gyre. In contrast to particles, the distribution of the 2 species extended into the salinity front (Fig. 6c, d ). Larval redfish and Arctic shanny were more abundant in the Anticosti gyre than the Gaspe current, with a tendency to accumulate at the offshore edge of the salinity front (Fig. 6e, f) . Few redfish and almost no Arctic shanny were collected in the salinity front or the Gaspe current.
The cross-frontal distribution of salinity, chlorophyll and fish larvae in 1986 generally confirmed the picture for 1985 (Figs. 7 & 8) . In early June 1986, phytoplankton biomass at 3 m was high in the Gaspe current, maximum at the inshore boundary of the front, intermediate in the front itself, and uniformly low in the Anticosti gyre (Fig. 7c) . The relatively small capelin larvae and post-yolk-sac larvae (modal lengths of 6.5 and 9.5 mm respectively; Fig. 5e ) were abundant nearshore in the current and virtually absent from the gyre (Fig. 7d) . The relatively large post-yolk-sac larvae of sand lance (modal length = 11.5 mm; Fig. 5b) were abundant in the current and the front, and low densities were observed in the gyre (Fig. 7e) . Small redfish larvae (modal length = 6.5 mm; Fig. 5h ) were found in all regions and their distribution appeared unrelated to hydrography (Fig. 7f) .
In July 1986, high phytoplankton biomass at 3 m was again associated with the diluted waters of the Gaspe current (Fig. 8c) . Again, small capelin larvae (modal length = 6.5 mm; Fig. 5f ) were distributed primarily in the diluted waters of the Gaspe current (Fig. 8d) . Redfish larvae were relatively abundant in all regions except the nearshore zone (Fig. 8e) . The distribution of the few post-yolk-sac sand lance larvae (average length = 14.9 mm) captured in July 1986 did not appear limited to any of the 3 hydrographic regions (Fig. 8f) . A vertical section was sampled in July 1986 to verify that the cross-frontal distributions observed with the high-resolution sampling of the 0 to 25 m layer did not simply reflect differences in the vertical distnbution of the organisms between the Gaspe current and the Anticosti gyre (e.g. a deeper distnbution of the larvae and their food in the Anticosti gyre). The results confirmed the close association between high concentrations of particles suitable for larval fish feeding and the diluted waters of the Gaspe jet current (Fig. 9) . The density of particles 203 to 512 pm ESD was 10 to 20 times greater in the salinity front and the surface waters of the jet current than at any depth in the gyre (Fig. 9b) . Isopleths of particle density generally paralleled the isohalines (Fig. 9a, b) . Microscopic examination of the plankton retained by the 80 pm mesh of the rigid codend confirmed that the distribution of particles in the size range 203 to 512 pm ESD (Fig. 9b) mirrored the abundance of copepod eggs and nauplii, the food of fish larvae (Fig. 10a, b) . The 850 to 2000 pm size-fraction of the plankton, which was made up almost exclusively of copepodites and adults of Calanus finmarchicus, Pseudocalanus minutus, Temora longicornis, and Oithona similis, Gespe current (Fig. 9c) . Day-night differences in the vmtical position of the patches reflected die1 migratisns by the copepods. Copepodites abundance p a k e d in the salinity front (Fig. 10c ) while copepods were rather evenly distributed over the frontal region (F3g. 10d).
Small capelin larvae (< 12 mm) were found exclusi9ely in the less saline waters of the current but the &tribution of larger post-yolk-sac larvae (> 12 mm) extended across the salinity front and into the gyre (Fig. 9d, e) . Redfish larvae were distributed in the surlace waters of the gyre and again showed some tend~n c y to accumulate on the gyre side of the salinity h a t (Fig. 9f) . Both larval fish species were restricted p r h a d y to the 0 to 30 m depth layer and neither elrbibited strong differences in vertical distribution beiween day and night (Fig. 9d to f) . Onkgenetic migration of fish larvae across the front
The newly hatched larvae of estuarine spawners were restricted to the Gaspe current whereas older pm-yolk-sac larvae were more evenly distributed over the frontal region, suggesting some cross-frontal dispersion as development proceeded. A good example s f this ontogenetic cross-frontal migration is given by sitad lance larvae in early June 1985 (Fig. 11) . Yolk- sac larvae (< 8 mm) were found almost exclusively in the Gaspe current (Fig. 11, top graph) . With increasing size, the post-yolk-sac larvae became more evenly &S-tributed over the frontal region, with a tendency to accumulate at the limit between the gyre and the salinity front (Fig. 11 , middle and lower graphs). Ontogenetic cross-frontal dispersion of sand lance and capelin larvae was also observed during other sarnpling periods (e.g. Fig. 9d, e) .
DISCUSSION
Hydrography, export production, and copepod reproduction Large cells, in particular diatoms which are easily exported to herbivores, are the first link in the short plankton food chain. In the frontal region formed by Ule Gaspe coastal jet current and the Anticosti gyre, export production took place primarily in the stratified surface waters of the jet current where neither nutrients nor light limits the production of diatoms in spring and early summer (Sevigny et al. 1979, Levasseur et al. in press) . Within the Gaspe current the build-up of high chlorophyll concentrations (up to 35 mg chl a m-3) reflected the intense production and (1979) that the front separates 2 semi-enclosed pelagic accumulation of diatoms which, because of their size, ecosystems, 'the Gaspe current characterized by conrepresent the bulk of the microalgal biomass. Large tinuous high summer production, large-celled diatoms, cells were also present in the sub-surface chlorophyll small copepods, and fish larvae; and the Anticosti maximum of the Anticosti gyre, indicating that some gyre characterized by nutrient-limited phytoplankton export production was available to herbivores at growth, small flagellates, large copepod species, depth. Yet, the overall abundance and concentration euphauslids, and decapod larvae'. of diatoms were several times less in the gyre than in the Gaspe current.
In June 1985, collections in the surface (0 to 25 m) Spawning strategies and the CO-distribution of fish layer suggested that both the immature and adult larvae and their food in the frontal region stages of copepods were distributed primarily in the Gaspe current (e.g. Fig. 4) . However, the scarcity of A long-standing view embedded in the theory of the adult copepods at that time in the surface waters of the tropho-dynamic control of larval fish sunrival is that gyre probably reflected some die1 vertical migration, the spawning strategies of fish are adapted to local as the gyre was sampled in daytime and the current at hydrography to favor the coincidence in time and night. The cross-frontal vertical section using the mulspace of the first-feeding larvae and their prey (Hjort tiple net sampler in July 1986 confirmed that large 1914 , 1926 , Harden-Jones 1968 , Cushing 1972 , Leiby copepods (850 to 2000 ym zooplankton fraction) were 1984). Sinclair (1988) put forward the alternative hypowidely distributed over the area sampled. The immathesis that the primary role of hydrography is to preture stages were distributed primarily in the diluted serve thegenetic integrity of the population by limiting waters of the Gaspe current, above the cold (< 0 " C ) the dispersion of the planktonic larvae. intermediate layer. Thus, copepod reproduction (as In the present study, the close association of firstdenoted by the ratio of eggs and nauplii abundance to feeding capelin with the diatom bloom and the superadult abundance) was associated with higher concenabundance of copepod prey in the Gaspe current can trations of diatoms in the surface waters of the Gaspe be traced back to the peculiar spawning and dispercurrent.
sion strategy of the species. Capelin spawn adherent Egg production in copepods can be fueled by lipid eggs on sandy intertidal flats (see Fortier et al. 1987 for reserves, the immediate food supply, or a combination a review). Spawning is concentrated in the upper estuof these 2 sources of energy (Ohrnan 1987, Runge ary of the St. Lawrence (Parent & Brunel 1976 ), some 1988 , Hirche 1989 . In all cases, egg production is 350 km upstream of the present sampling area. From accelerated by feeding and increases asymptotically late May to late June, the larvae emerge from the with phytoplankton concentration (Conover 1965, intertidal flats at night (Fortier et al. 1987) and are Mullin 1988 , Hirche 1989 . Based on direct measureadvected seaward by the estuarine surface flow that ments of egg production, Kisrboe & Johansen (1986) later forms the Gaspe current (Jacquaz et al. 1977, and Kisrboe et al. (1988) reported that copepod repro Fortier & Leggett 1982 . A Lagrangian duction was food-limited at chlorophyll concentrations study of larval capelin drift suggests that the duration < 1.6 mg m-3. Limitation of copepod reproduction has of their transit from the upper estuary to the area sambeen observed at chl a concentrations as high as 6 mg pled in the present study is approximately 2 to 3 wk m-3 (Richardson 1985) . Thus, the low concentrations of (Fortier & Leggett 1985) . Thus, capelin spawning time chlorophyll in the surface waters of the Anticosti gyre and location in relation to the dynamical but pre-(< 1.0 mg m-3) were probably not sufficient to fuel dictable estuarine circulation result, after 2 to 3 wk of copepod reproduction, and the limited production of drift over 350 km, in a remarkable spatio-temporal coeggs observed in the gyre presumably depended on incidence between the first-feeding larvae and high the exploitation of the deep chlorophyll maximum at concentrations of the copepod eggs and nauplii on 20 to 27 m.
which they prey. The yolk-sac larvae are seeded in the Despite this deep chlorophyll maximum, copepod very same nutrient-rich water mass that wlll stabilize reproduction in early June and July remained much in the Gasp6 current to trigger the intense diatom less intense in the gyre than in the Gaspe current, bloom that wdl in turn fuel copepod reproduction. where eggs and nauplii were 1 order of magnitude
The spawning grounds of sand lance in the St. more abundant. Thus, in spring and summer, export Lawrence are not known, but the similarity between production sufficient to sustain intense copepod reprothe larval crcss-frontal distribution of this species and duction and the massive production of larval fish food that of capelin indicates an estuarine origin and a very existed primarily in the Gaspe current. This is genersimilar spawning and dispersion strategy. Runge & ally consistent with the conclusion of Sevigny et al. Simard (1990) proposed that larval euphausiids pro-duced in the lower estuary are also transported to the southern Gulf of St. Lawrence by the productive waters of the Gaspe current. The upstream migration of adult euphausiids to the head of the Laurentian channel would result from their occupation of the deep landward flow rather than from an active spawning migration as in fish.
As they increased in size, some capelin and sand lance post-yolk-sac larvae advected by the Gasp6 current were trapped in the front and transported across to the Anticosti gyre. Entrapment in the front and cross-frontal transport to the gyre are perhaps related to the sharp horizontal gradient in current speed between the jet current and the cyclonic gyre (Benoit et al. 1985, Levasseur et al. in press) . Cross-frontal transport may also occur when large wavelike eddies (wavelength = 50 km) form in the front following a disruption of the geostrophic balance (Tang 1980a (Tang , 1983 and then break off, entraining fish larvae and plankton into the gyre. The gyre is the known nursery area of juvenile capelin (Jacquaz et al. 1977) , where they feed primarily on copepods (Vesin et al. 1981) . Thus, the dispersion strategy of capelin (and presumably that of sand lance) favors the coincidence of the first-feeding larvae with high densities of prey in the Gaspe current and then the transfer of some of the post-yolk-sac larvae to their nursery grounds in the Anticosti gyre.
In addition to capelin and sand lance, several migratory fish with complex life strategies maintain stocks in the estuary and northwestern Gulf of St. Lawrence (see de Lafontaine 1990 for a review). In the upper reaches of the estuary, salinity fronts and stratification fronts play a particularly important role in limiting the seaward dispersion of the early planktonic stages of rainbow smelt Osmerus mordax, Atlantic tomcod Microgadus tomcod and Atlantic herring Clupea harengus (Able 1978 , Ouellet & Dodson 1985 , Laprise & Dodson 1989 , Fortier & Gagne 1990 . In all cases, the retention of the newly hatched larvae and their zooplankton prey above the frontal boundaries provided some trophic advantage to the first-feeding larvae (Fortier & Leggett 1984 , Dauvin & Dodson 1990 , Fortier & Gagne 1990 . The hypothesis that spawning times and locations are adapted at least in part to ensure the CO-distribution of first-feeding larvae with high levels of export production and the reproduction of copepods or other prey organisms cannot be rejected for these species.
On the other hand, frontal boundaries are not totally efficient at trapping the larvae in their nursery areas. Some herring larvae are lost from the St. Lawrence estuary to the Gaspe current (Fortier & Gagne 1990) . Similarly, some capelin and sand lance post-yolk-sac larvae remained in the Gaspe current (Figs. 9 & 11) and were probably entrained to the southern Gulf of St. Lawrence instead of the Anticosti gyre. Whether these offspring return to the spawning grounds of the upper estuary as adults or are lost from the genetic pool of the estuarine populations as proposed by the memberhagrant hypothesis (Sinclair 1988) remains to be clarified.
The spawning strategies of other species obviously did not aim at dispersing the larvae in the hydrographic area of maximum export production. For example, recently spawned redfish larvae still bearing traces of yolk were found in the productive surface waters of the Gaspe current, but the reproduction effort of this species was rather concentrated in the less productive waters of the Anticosti gyre. The subsurface chlorophyll maximum observed in the gyre probably reflected the sinking of the spring bloom of diatoms that occurs in late April in the area (Sevigny et al. 1979 ). The spawning of redfish larvae apparently started soon after this spring bloom and continued throughout the summer period of production of their zooplankton prey, a reproduction strategy also observed in the Gulf of Maine (Sherman et al. 1984) . Arctic shanny is a demersal spawner that Lives in the coastal zone during the adult stage (Farwell et al. 1976) . The close association of Arctic shanny larvae with the less productive waters of the gyre and their virtual absence from the Gaspe current suggested that they originated from the north coast of the NW Gulf (Fig. 1) . Overall food availabhty to first-feeding and early post-yolk-sac larvae of redfish and Arctic shanny was at least 1 order of magnitude less in the gyre than in the adjacent Gaspe current.
Some redfish and sand lance larvae (as well as postyolk-sac larvae of capelin and sand lance) accumulated at the boundary between the front and the Anticosti gyre. A similar concentration of ichthyoplankton at the estuarine front of the Mississippi River plume (USA) has been explained by frontal convergence (Govoni et al. 1989 , Grimes & Finucane 1991 . Whether feeding conditions for fish larvae were actually improved in the Mississipi plume front remained conjectural (Govoni & Chester 1990 , Grimes & Finucane 1991 . In the estuarine plume front studied here, export production is sporadically increased on the gyre side of the front during the summer months by the upwelling of nutrient-and diatom-rich waters from the base of the Gaspe current (Levasseur et al. in press) . Although peak densities of larvae were sometime observed at the gyre-front boundary, the majority of larval redfish or Arctic shanny were distributed in the Anticosti gyre. This suggests that the accumulation of the larvae in this potentially productive boundary may have been accidental and did not reflect a particular adaptation of the spawning and early dispersion strategies to the frontal circulation.
Production regimes and reproductive tactics of marine fishes
For fish larvae, the massive build-up of food (copepod eggs and nauplii) linked to export production in the Gaspe current represents an ecological vacuum (sensu Pianka 1970 ) that can be invaded with little or no intra-or interspecific competition taking place. Such ecological vacuums where food becomes superfluously abundant should favor rselected (i.e. opportunistic) species while environments where food is scarcer should favor K-selected species (Pianka 1970) .
A comparison of the reproduction strategies of the species associated with the different production regimes of the Gaspe current and the Anticosti gyre supports these predictions. Capelin and sand lance in the productive surface waters of the current are typical r-strategists that produce large numbers of relatively small larvae with relatively poor foraging abilities. Redfish and Arctic shanny in the less productive waters of the Anticosti gyre are (relatively) more Kselected species that produce few and large offspring with good predatory skills. Based on the seasonal occurrence of the larvae in relation to the production of their copepod prey, Sherman et al. (1984) concluded as well that redfish are at the K end of the r-K continuum found in marine fish while sand lance is the consummate r-strategist.
The hypothesis that the spawning strategies of fish in relation to circulation are adapted to disperse firstfeeding larvae in hydrographic areas where export production is maximum was supported for capelin and sand lance but not for redfish and Arctic shanny. We conclude that opportunistic species producing large numbers of small offspring with limited foraging skills (e.g. capelin, sand lance) depend on massive export production at hydrographic singularities for reproduction. Species producing fewer but larger and more competent larvae (e.g. redfish, Arctic shanny) can colonize less productive areas of the ocean.
Larger size at hatching clearly imparts better foraging skills to fish larvae (Miller et al. 1988 ) but also necessanly reduces the number of offspring that can be produced by a female (Duarte & Alcaraz 1989) . In the present study, the equilibrium reached by a given species in the trade-off between size at hatching and fecundity reflected the availability of copepod eggs and nauplii in the dspersion area of the first-feeding larvae. This suggests that the reproduct~on traits of marine fish species are determined to some extent by the level of export production prevailing in the dispersal area of their larvae.
